THE processes of meiotic pairing, synapsis, and recombination are essential for progression through the first meiotic division and the formation of haploid gametes. Unpaired, asynapsed chromatin is transcriptionally silenced ([@bib65]; [@bib4]), and the aberrant repression of key genes regulating meiotic progression can cause premature arrest of the meiotic cell cycle ([@bib69]; [@bib11]). A minimum of one crossover per bivalent is needed to ensure its stable orientation at the metaphase plate ([@bib39]; [@bib46]), and homologous chromosome pairs that lack an obligate crossover are susceptible to nondisjunction at the first meiotic division ([@bib75]; [@bib36]; [@bib59]). As a consequence, meiotic pairing, synapsis, and recombination defects are directly linked to infertility and chromosome aneuploidy ([@bib26]; [@bib14]; [@bib11]; [@bib25]), outcomes with severe consequences for organismal fitness.

The mammalian sex chromosomes present a notable deviation to these general rules of meiosis. Although the *X* and *Y* are derived from an ancestral pair of homologous autosomes, the long-term suppression of recombination between them has eroded sequence homology across most of their length ([@bib23]; [@bib13]; [@bib35]). In most mammals, the only vestige of this ancestral identity is a short region of terminal homology known as the pseudoautosomal region (PAR). The key homology-driven steps of meiotic pairing and recombination are confined to this narrow zone of residual sequence identity ([@bib9]; [@bib37]), rendering the PAR one of the most functionally important regions of the genome. Failure to initiate or maintain pairing across the PAR is associated with meiotic arrest ([@bib40], [@bib43]) and reduced recombination across this region has been directly linked to sex chromosome nondisjunction in humans ([@bib27]; [@bib64]). Expectedly, mutations that disrupt sequence homology across the PAR or interfere with sex chromosome pairing are often associated with male infertility and elevated rates of sex chromosome aneuploidy ([@bib21]; [@bib43]; [@bib45]; [@bib34]; [@bib10]; [@bib30]).

Despite its central role in mammalian meiosis, the PAR is rapidly evolving, both at the level of DNA sequence and structure ([@bib32]; [@bib55]; [@bib62]; [@bib20]; [@bib12]; [@bib71]). A comparative sequence analysis of human-orangutan orthologs found that noncoding divergence in PAR-linked genes is more than twice the rate of evolution at autosomal genes ([@bib20]). Similarly, the rate of nucleotide substitution across the mouse PAR is several-fold higher than that for adjacent *X*-linked regions ([@bib55]; [@bib71]). PAR-length polymorphisms have been characterized in both human and mouse ([@bib32]; [@bib71]; [@bib44]), and there is rapid structural rearrangement of the PAR in closely related vole species ([@bib1]; [@bib8]). Owing to challenges associated with genotyping and sequencing this region of the genome, the full extent of natural genetic variation in the mammalian PAR is still in an active discovery phase ([@bib44]).

Together, the PAR's essential meiotic roles and dramatic evolutionary trends present an intriguing biological conundrum: How does such a functionally significant region of the genome---and, notably, one whose function is directly dependent upon the preservation of homology between two chromosomes---evolve so rapidly? Answers to this question could provide important new insights into the general requirements for sequence homology and pairing at meiosis, as well as clues into the selective forces that constrain the evolution of sex chromosomes.

Toward this goal, one potentially informative experimental approach is to directly assess the meiotic consequences of PAR divergence in hybrids characterized by distinct *X*- and *Y*-linked PAR sequences. House mice of the genus *Mus* represent an especially powerful model system for studying the interplay of PAR function and evolution from this perspective. The pseudoautosomal boundary (PAB) has been subject to considerable repositioning across the *Mus* phylogeny, including significant PAR divergence between interfertile taxa. Within the *Mus musculus* species complex, two closely related subspecies, *M. musculus domesticus* and *M. m. castaneus*, are characterized by a ∼430-kb shift in the PAB ([@bib71]). The *M. m. domesticus* PAB, which appears to coincide with that of the standard laboratory mouse strain C57BL/6J, is located ∼700 kb from the distal end of the *X* chromosome in intron 3 of *Mid1* ([@bib54]). In contrast, the *M. m. castaneus* PAR is ∼1.1-Mb long and encompasses the entire *Mid1* locus ([@bib71]). Numerous indel mutations within introns of *Mid1* further distinguish the *M. m. domesticus* and *M. m. castaneus* PARs ([@bib71]).

The marked shift in the PAB between *M. m. castaneus* and *M. m. domesticus* is associated with a reduced frequency of *X*/*Y* synapsis in spermatocytes from F~1~ hybrids ([@bib72]). Whereas 95% of heterogametic sex chromosomes are synapsed along their PARs at late pachytene in both *M. m. castaneus* and *M. m. domesticus*, the *X* and *Y* are synapsed in only ∼70% of F~1~ spermatocytes at this early meiotic substage. Surprisingly, however, reduced *X*/*Y* synapsis does not appear to elicit downstream consequences for F~1~ hybrid fertility. F~1~ animals have testis weights, sperm densities, and measures of sperm morphology that are comparable to or exceed fertility parameters in the inbred parental strains ([@bib72]). These findings are in line with observations from other intersubspecies house mouse hybrids, in which the *X* and *Y* experience premature dissociation at metaphase I, without obvious repercussions for male fertility ([@bib28]; [@bib40], [@bib41]). However, given the established significance of synapsis and recombination for meiotic progression, it remains puzzling that organisms with impaired meiotic sex chromosome associations suffer no apparent fitness consequences. One possible explanation is that animals with reduced *XY* pairing exhibit subtle spermatogenic defects, but that the associated reduction in fertility is matched or exceeded by fitness gains associated with outbreeding. A second alternative is that the resulting gametes are of reduced genetic quality, harboring elevated rates of sex chromosome aneuploidy.

Here, I apply cytogenetic methods and immunofluorescence imaging to conduct an in-depth study of sex chromosome synapsis, recombination, meiotic progression, and aneuploidy in *M. m. domesticus*, *M. m. castaneus*, and their reciprocal intersubspecific F~1~ hybrids. My findings reveal the phenotypic consequences of PAR divergence on *X*/*Y* dynamics at meiosis, with important implications for our understanding of the functional constraints governing the evolution of the heterogametic mammalian sex chromosomes.

Materials and Methods {#s1}
=====================

Animal husbandry {#s2}
----------------

Wild-derived inbred strains CAST/EiJ (CAST; *M. m. castaneus*) and WSB/EiJ (WSB; *M. m. domesticus*) were purchased from The Jackson Laboratory and housed in the Biological Resources Facility at North Carolina State University according to animal care protocols approved by the North Carolina State University Animal Care and Use Committee (Protocol 13-109-B). Mice were provided with food (PicoLab Mouse Diet 20 5058\*) and water *ad libitum*. Sexually mature males from each inbred strain and F~1~ males from intersubspecific crosses were killed by exposure to CO~2~ at 8--42 weeks of age.

Spermatocyte cell spreads and immunostaining {#s3}
--------------------------------------------

Meiotic cell spreads were prepared using the method of [@bib57] with minor modifications as described ([@bib18]). Spermatocyte cell spreads were immunostained according to a protocol adapted from [@bib3] and [@bib33] as previously described ([@bib18]). The primary antibodies used were as follows: mouse anti-MLH1 (1:100 dilution; BD Biosciences), goat anti-SYCP3 (1:100 dilution; Santa Cruz Biotechnology), rabbit anti-phospho-histone H2A.XpSer139 (1:1000 dilution; Thermo Scientific), human anti-centromere (1:100 dilution; Antibodies Incorporated), and rabbit anti-SYCP1 (1:100 dilution; Abcam). The following secondary antibodies were used at 1:200 concentration: donkey anti-goat Rhodamine Red-X, donkey anti-rabbit Alexa Fluor 488, donkey anti-human Aminomethylcoumarin Acetate, and donkey anti-mouse Alexa Fluor 488 (Jackson ImmunoResearch).

Fluorescent *in situ* hybridization analysis of the house mouse PAR {#s4}
-------------------------------------------------------------------

The dynamics of *X*/*Y* associations in early meiosis were monitored by direct labeling of PAR DNA in surface-spread spermatoctyes. Coverslips were removed from previously immunostained slides by soaking in PBS at 37° for ∼1 hr. Slides were then washed briefly in 1× PBS with 0.1% Triton X-100 and dehydrated in a 70, 90, 100% ethanol series at room temperature. Slides were denatured in 70% formamide with 0.6× SSC at 73° for 7 min and then immediately processed through a second ethanol series (70, 90, 100% ethanol).

Labeled probes were synthesized from BAC clones spanning the PAR (RP24-500I4) and an *X*-linked region just outside the *M. m. domesticus* PAR (RP23-154O12) ([@bib5]; [@bib31]). High quality BAC DNA was isolated from a 10-ml liquid culture with a BACMAX DNA purification kit following manufacturer's protocols. BAC DNA was then digested with DNaseI (1:100 dilution) and labeled with fluorescein-12-dUTP or Aqua-431-dUTP via nick translation (Enzo Life Sciences). Labeled reaction products were size verified by agarose gel electrophoresis and ranged from 200 to 1000 bp.

For each hybridization reaction, ∼10--20 ng of each labeled probe was ethanol precipitated overnight at −20° in the presence of NaOAc and 1 μg mouse Cot-1 DNA (Invitrogen, Carlsbad, CA). Probes were resuspended in 10 μl of hybridization buffer \[5 μl formamide, 2 μl 50% w/v dextran sulfate, 2 μl 10× SSCP (1.5 M sodium chloride, 0.15 M sodium citrate, 0.2 M sodium dihydrogen phosphate, pH = 6.0), 1 μl/μg mouse Cot-1 DNA\]. The probe mix was denatured at 73° for 5 min, then allowed to renature at 37° for ∼45 min. Texas-Red-labeled *Y*-chromosome paint probes (Cytocell) were denatured at 80° for 10 min following vendor recommendations. A 5 μl volume of the *Y* paint was added to the renatured BAC probes and the combined probe-paint mixture directly applied to the denatured and dehydrated spermatocyte spreads. The probed area was coverslipped, sealed with rubber cement, and incubated for 24--48 hr in a 37° humid chamber. After hybridization, the coverslip was gently removed and the slide was briefly washed in 0.4× SSC with 0.2% Tween 20 followed by a second wash in 2× SSC with 0.2% Tween 20. The slide was then rinsed with distilled water, air dried in the dark, and mounted in ProLong Gold Antifade media (Promega, Madison, WI).

Testis histology {#s5}
----------------

Whole testes were submerged in Bouin's fixative overnight at 4° and washed in an ethanol series (5 min each in 25 and 50% and three successive 5 min washes in 70% ethanol). Fixed tissues were then paraffin embedded, cross-sectioned at 5 μm, and regressively stained with Mayer's Hematoxylin and Eosin-Y. Stained slides were scanned at 20× magnification with a NanoZoomer 2.0HT digital slide scanning system. Stage XII tubules were identified by the presence of meiotic cell divisions ([@bib2]). The area of each stage XII tubule was approximated using the standard equation for the area of an ellipse, π*ab*, where *a* and *b* are the radii.

Sperm extraction and fixation {#s6}
-----------------------------

The protocol for sperm extraction and fixation was modified from [@bib60]. First, both cauda epididymides were dissected and placed in a 500-μl droplet of modified bovine gamete medium 3 (3.11 mM KCl, 0.3 mM NaH~2~PO~4~, 87 mM NaCl, 0.4 mM MgCl·6H~2~O, 21.6 mM sodium lactate, 1.0 mM sodium pyruvate, 10 mM NaHCO~3~, 40 mM HEPES, 6 mg/ml bovine serum albumin, pH = 7.54) ([@bib70]). The epididymides were macerated with dissecting scissors and sperm were allowed to diffuse out of the tissue into solution for 20--30 min at room temperature.

The sperm solution was then transferred to a microcentrifuge tube and pelleted by centrifugation for 10 min at 1000 × *g*. The supernatant was carefully removed and the sperm pellet was resuspended in ∼1 ml of freshly prepared Carnoy's fixative that was added drop by drop with continuous, gentle mixing. Several drops of fixed sperm were dispensed onto the center of a 3- × 1-in. glass slide. Slides were allowed to air dry overnight and stored at −20° for at least 48 hr prior to hybridization.

Whole chromosome painting on sperm {#s7}
----------------------------------

Sperm slides were painted with FITC and Texas-Red-labeled whole chromosome probes targeting the *X* and *Y* chromosomes (Cytocell). Hybridizations were performed with both color-swap combinations using the method of [@bib60]. Briefly, sperm slides were removed from −20° storage and immediately placed into two consecutive washes in 2× SSC for 3 min each. Slides were then transferred through a series of three ethanol washes (70, 90, and 100%) for 2 min at each concentration. After air drying, sperm DNA was decondensed by immersion in a fresh dithiothreitol solution (5 mM 1,4-dithiothreitol, 1% Triton X-100, 50 mM Tris) at room temperature for 12--15 min. Slides were then soaked in two consecutive washes of 2× SSC for 3 min each, transferred through an ethanol series for a second time (70, 90, 100% ethanol), and air dried.

Sperm DNA was denatured in 70% formamide with 2× SSC at 78° for 5 min. Slides were then transferred through an ethanol series (70, 85, 100% ethanol) for 1 min at each dilution and air dried. Whole chromosome probes were denatured for 10 min at 80° per vendor recommendations. A total volume of 10 μl of denatured probe mix was dispensed on each slide. The probed area was sealed with an 18- × 18-mm square glass coverslip and sealed with rubber cement. Slides were hybridized for ∼48 hr at 37°.

After removing coverslips, slides were washed for 2 min in 0.4× SSC with 0.3% NP-40 at 74° followed by a final wash in 2× SSC with 0.1% NP-40 at room temperature for 1 min. Slides were then counterstained in DAPI, air dried in the dark, and mounted.

Fluorescent microscopy and image analysis {#s8}
-----------------------------------------

Slides were visualized using either a Leica DM5500 B microscope equipped with a Photometrics CoolSNAP HQ^2^ charge-coupled device (CCD) camera linked to Leica Application Suite (version 2.3.5) software or an Olympus BX61 epifluorescence microscope with a cooled CCD camera linked to Smart Capture 3 software. Images were postprocessed and analyzed with the Fiji software package ([@bib63]).

For MLH1 immunostained spermatocyte cell spreads, ∼50 late-pachytene cells characterized by (i) the complete merge of SYCP3 signals from all autosomal homologs, (ii) a full complement of chromosomes, and (iii) minimal background fluorescence were imaged for each genotype. Cells that were damaged during preparation or displayed bulbous chromosome termini (indicative of transition into early diplotene) were not imaged. I considered only those cells with at least one clearly stained MLH1 focus on each autosomal synaptonemal complex (SC), excepting the possibility of one achiasmate bivalent. Cells with two or more SCs lacking an MLH1 focus were extremely rare and likely represented staining artifacts.

For the *X*- and *Y*-chromosome-painted sperm slides, only those visual fields with brightly stained and nonoverlapping sperm were imaged. Images with more than one aneuploid sperm cell per visual field or high levels of background fluorescence were discarded. Approximately 1500 sperm were analyzed per genotype over both dye-swap probe color combinations. The aneuploidy rate was estimated as twice the frequency of diploid *XY* sperm.

Statistical analyses {#s9}
--------------------

Statistical analyses were performed in the R environment for statistical computing using base packages ([@bib58]). The *X*/*Y* pairing status of analyzed spermatocytes and the aneuploidy status of all sperm cells were encoded as binary indicator variables. Distributions were compared using conservative nonparametric Mann--Whitney *U*-tests (MWU). In addition, an *ad hoc* permutation test was used to evaluate the difference in the frequency of MLH1 foci on the paired PAR between the parental strains and F~1~. Briefly, I randomly sampled *n~1~* and *n~2~* observations from the union of both the parental and F~1~ data sets, where *n~1~* and *n~2~* correspond to the actual numbers of analyzed spermatocytes with paired sex chromosomes from parental strains and F~1~'s. The difference in the frequency of MLH1 foci between the two randomly generated data sets was calculated and used as the test statistic. This procedure was repeated 1000 times to generate a null distribution of differences in PAR MLH1 frequency between the two data sets. The empirical *P*-value was calculated as the quantile position of the observed difference in the fraction of paired *X*/*Y* chromosomes with a PAR MLH1 focus along this null distribution.

Simulations were performed to assess the power to find statistically significant differences in aneuploidy frequency for variable numbers of analyzed sperm (*n*) and nondisjunction frequencies (*f*). For a given parameter combination {*n*, *f~1~*, *f~2~*}, two simulated samples of *n* random variables were generated assuming binomial success probabilities *f~1~* and *f~2~*. The two-sided *P*-value from a MWU comparing these two distributions was then calculated and retained. The power to detect a significant difference between nondisjunction rates *f~1~* and *f~2~* when *n* sperm are analyzed was calculated as the fraction of 1000 simulated replicates with MWU *P* \< 0.05. These simulation results are presented graphically in Supplemental Material, [Figure S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1/FigureS3.pdf).

Data availability {#s10}
-----------------

The authors state that all data necessary for confirming the conclusions presented in the article are represented fully within the article.

Results {#s11}
=======

Cytogenetic analysis of *XY* pairing and synapsis at pachytene {#s12}
--------------------------------------------------------------

The SC is a structural protein complex that physically tethers homologous chromosomes at meiosis. It is comprised of lateral elements that align along the chromosome axes and transverse filaments that link the lateral elements, much like the teeth of a zipper ([Figure 1A](#fig1){ref-type="fig"}) ([@bib53]). The sequential assembly of the SC during early meiosis can be tracked by immunofluorescent staining of SYCP3, a key protein component of the lateral elements, and SYCP1, a component of the transverse filaments. At leptotene, SYCP3 begins to accumulate in isolated patches along the condensing chromosome axes. As meiosis progresses, SYCP3 signals coalesce into contiguous strands that extend along the full axis of each chromosome. At pachytene, SYCP3 signals from homologous chromosomes merge and are secured along their full length by transverse filaments. This final step in the assembly of the mature SC is marked by the colocalization of SYCP3 and SYCP1 signals.

![Sex chromosome synapsis in spermatocyte cell spreads. (A) Schematic of the mature SC composed of both lateral elements and transverse filaments. The SC serves as a scaffold for the attachment and organization of chromatin loops in meiosis I. (B) Pachytene spermatocyte immunostained for SYCP3, a component of the lateral elements of the SC, and kinetochore-associated proteins visualized by CREST antibodies. Synapsis of the sex chromosomes (circled) is restricted to the PAR (C). (D and E) Pachytene spermatocyte with asynapsed sex chromosomes. The histone modification γH2AX is limited to the sex body at pachytene, revealing transcriptional repression of sex chromatin in spermatocytes with both (F) synapsed and (G) asynapsed sex chromosomes. (H) The transverse filament protein SYCP1 is incorporated into the mature SC of the autosomes, as well as the PAR, indicating that a mature tripartite SC is assembled at the PAR when *X*- and *Y*-linked homologous regions synapse.](1089fig1){#fig1}

Intersubspecific F~1~ hybrids derived from controlled laboratory crosses between WSB, a wild-derived inbred strain of *M. m. domesticus*, and CAST, a wild-derived inbred strain of *M. m. castaneus*, were previously shown to exhibit a reduction in the frequency of *X*/*Y* synapsis at late pachytene relative to the inbred parental strains ([@bib71]). Here, I validate this finding by quantifying the fraction of pachytene cells with merged SYCP3 signals at *X*- and *Y*-linked PARs in spermatocytes from both parental and F~1~ genetic backgrounds ([Figure 1, A--E](#fig1){ref-type="fig"}, and [Table 1](#t1){ref-type="table"}). Although the *X* and *Y* chromosomes are always observed in close spatial proximity (*i.e.*, they are likely paired), the frequency of synapsis is significantly reduced in the two reciprocal F~1~ genotype backgrounds relative to the parental inbred strains ([Table 1](#t1){ref-type="table"}; MWU *P* = 5.29 × 10^−11^). There is no difference in the frequency of *X*/*Y* synapsis between the two reciprocal F~1~ backgrounds (MWU *P* = 0.4203), suggesting that this effect is a general consequence of the divergent *X*- and *Y*-linked PARs in hybrids.

###### The fraction of pachytene spermatocytes with synapsed sex chromosomes

  Strain          Animal      No. spermatocytes   Merged SYCP3 signals   SYCP1/SYCP3 colocalization
  --------------- ----------- ------------------- ---------------------- ----------------------------
  WSB             1           69                  0.957                  0.913
  CAST            1           75                  0.973                  0.921
  2               36          1.00                0.972                  
  3               52          0.981               0.960                  
  4               43          0.902               0.854                  
                  **Total**   **206**             **0.966**              **0.926**
  WSB×CAST F~1~   1           24                  0.833                  0.708
  2               46          0.761               0.739                  
                  **Total**   **70**              **0.786**              **0.729**
  CAST×WSB F~1~   1           28                  0.714                  0.679
  2               27          0.778               0.777                  
  3               30          0.700               0.700                  
                  **Total**   **85**              **0.729**              **0.718**

In line with an earlier report ([@bib5]), I find no evidence for disrupted sex body formation in hybrids with unsynapsed sex chromosomes ([Figure 1, F and G](#fig1){ref-type="fig"}). A diffuse cloud of γH2AX paints the sex chromosomes in all CAST, WSB, and F~1~ spermatocytes examined, indicating proper transcriptional silencing of *X*- and *Y*-linked genes ([@bib68]) regardless of synapsis status.

When *X*- and *Y*-linked PARs do synapse in F~1~ hybrids, the resulting SC almost always incorporates the transverse element protein SYCP1, indicating the formation of a mature, tripartite structure ([Figure 1H](#fig1){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). In 93% of WSB×CAST F~1~ and 98% of CAST×WSB F~1~ pachytene spermatocytes with merged *X*- and *Y*-associated SYCP3 signals, SYCP1 and SYCP3 are coexpressed along the paired region. These percentages are comparable to observations for spermatocytes from the two inbred parental strains ([Table 1](#t1){ref-type="table"}; MWU *P* = 0.84), suggesting that structural or sequence-level divergence between the CAST and WSB PARs does not interfere with structural assembly of the full SC.

Curiously, expression of SYCP1 is not restricted to the homologous PAR pairing region, confirming previously reported patterns ([@bib51]; [@bib38]). Patches of SYCP1 were commonly observed along the unsynapsed *X* and *Y* chromosome axes of all animals ([Figure 1H](#fig1){ref-type="fig"}). These regions may correspond to areas of self-synapsis mediated by tandem duplicated sequences on the *X* and *Y* or zones of nonspecific SYCP1 expression.

Sex chromosome dynamics throughout prophase I {#s13}
---------------------------------------------

The marked reduction in sex chromosome synapsis at pachytene in intersubspecific F~1~ hybrids could be explained by (i) the failure of pairing and synapsis to occur between divergent PARs, (ii) a delay in the onset of sex chromosome synapsis, or (iii) the premature release of pairing associations initiated at earlier meiotic stages. To distinguish between these possible explanations, I monitored sex chromosome associations across the PAR in spermatocytes throughout prophase I.

In early prophase I, the sex chromosomes are not uniquely identifiable based on SYCP3 signals alone. This consideration necessitates use of labeled probes specific to the PAR to directly visualize the relative positions of *X*- and *Y*-linked homologous regions in a cell. By combining immunofluorescence imaging of SYCP3 with fluorescently tagged probes that hybridize to the PAR and unique regions of the *X* and *Y* chromosomes, I monitored the spatial relationship between *X*- and *Y*-linked PARs in early meiosis. Notably, there is no difference in the physical distance between *X*- and *Y*-linked PARs in surface-spread leptotene and zygotene spermatocytes from the parental and hybrid backgrounds (MWU *P* = 0.25; [Figure 2I](#fig2){ref-type="fig"}). The early chromosome movements that set the stage for pairing and synapsis are evidently not disrupted in hybrids, suggesting that PAR divergence does not interfere with the initiation of sex chromosome pairing.

![Combined immunofluorescence-FISH analysis of sex chromosome pairing throughout prophase I. (A) Schematic illustrating the position of fluorescently labeled probes along the *X* and *Y* chromosomes. Representative (B) leptotene-, (E) zygotene-, and (H) diplotene-stage cells immunostained for SYCP3 and subsequently FISH'ed for the PAR, *X* chromosome sequence, and a *Y* chromosome paint. Bar, 10 μm. An enlargement of the *X*-linked PAR from (B) is shown in (C) and an enlargement of the *Y*-linked PAR is shown in (D). (F) and (G) show enlargements of the paired sex chromosomes in (E) and (H), respectively. The distribution of distances between *X*- and *Y*-linked PAR sequences for the parental strains and the reciprocal F~1~'s at points prior to (I) and after (J) pachytene are shown. n.s., not significant.](1089fig2){#fig2}

I next sought to determine whether the high rate of *X*/*Y* asynapsis in F~1~ hybrids could be attributed to delayed synapsis between divergent *X*- and *Y*-linked PARs. At diplotene, the *X* and *Y* remain synapsed across the PAR in most spermatocytes from the parental strains (87%, *n* = 31 cells). In contrast, only one-third (38%, *n* = 29 cells) of sex chromosomes are synapsed in F~1~'s at this stage in late prophase I (MWU *P* \< 0.001; [Figure 2J](#fig2){ref-type="fig"}). Thus, *X*/*Y* synapsis does not simply occur at a later meiotic time point in hybrids.

Taken together, these results suggest two complementary explanations for the increased frequency of *X*/*Y* asynapsis in intersubspecific F~1~'s. Although the onset of sex chromosome pairing is not affected in hybrids, divergence between *X*- and *Y*-linked PARs does appear to interfere with synapsis across this critical region as reflected in the reduced frequency of *X*/*Y* synapsis at pachytene ([Table 1](#t1){ref-type="table"}). The increased fraction of dissociated *X* and *Y* chromosomes at diplotene relative to the pachytene substage further indicates that when the *X* and *Y* do synapse, synaptic associations are often not maintained through prophase I.

Immunofluorescent analysis of PAR recombination at late pachytene {#s14}
-----------------------------------------------------------------

Meiotic crossovers lock homologous chromosomes together until their segregation at anaphase I. The failure of many sex chromosome pairs to remain synapsed through diplotene raises the possibility that divergent *X*- and *Y*-linked PARs often fail to secure a crossover, leading to premature separation of the heterologous *X* and *Y* chromosomes. In line with this interpretation, [@bib72] tracked the inheritance of PAR-linked genetic markers to estimate that ∼80% of inherited *Y* chromosomes in a CAST×WSB and WSB×CAST intercross F~2~ population were nonrecombinant, implying that only ∼40% of paired bivalents had a crossover in the PAR. However, owing to incomplete marker coverage across the region, the possibility of tight double crossovers, and potential biases in the transmission of recombinant chromosomes, this fraction may be an underestimate of the true value. To overcome these limitations, I estimated crossover frequency by direct cytogenetic visualization of the mismatch repair protein MLH1 on the paired sex chromosomes at pachytene ([Figure 3](#fig3){ref-type="fig"}).

![Frequency of MLH1 foci on the synapsed PAR at late pachytene. Late pachytene spermatocyte spreads were stained for SYCP3, CREST, and MLH1, a mismatch repair protein that localizes in discrete foci to sites of crossing over along the SC at late pachytene. Synapsed sex chromosomes are indicated by white circles. At this meiotic substage, a subset of spermatocytes harbor an MLH1 focus along the (A) synapsed PAR, with the remainder lacking a focus in this interval (B).](1089fig3){#fig3}

The dynamics of the sex chromosomes and autosomes are decoupled during meiosis, with the steps of *X*/*Y* pairing, synapsis, and recombination operating on a temporal lag relative to the autosomes ([@bib31]). Although the frequency of MLH1 foci at late pachytene approximates the autosomal distribution of crossovers ([@bib3]; [@bib33]), MLH1 foci observed on the PAR at this meiotic substage may not provide an accurate read out of the absolute crossover rate between the *X* and *Y*. Indeed, I observed an MLH1 focus on the PAR in only ∼50% of parental CAST and WSB spermatocytes at late pachytene ([Table 2](#t2){ref-type="table"}), despite the presumed ubiquity of crossing over in this region and the presence of one or more MLH1 foci on each autosomal bivalent. This percentage matches observations from other inbred house mouse strains and wild-caught outbred house mice ([@bib17]), suggesting that only a subset of PAR crossovers are resolved synchronously with the autosomes in house mice. Importantly, there is no difference in the mean number of autosomal MLH1 foci between spermatocytes with an MLH1 focus on the synapsed PAR *vs.* those with no MLH1 focus in this interval (MWU *P* \> 0.3 for all genetic backgrounds; [Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1/FigureS1.pdf)). Although modest sample sizes may limit the power to detect subtle effects, these two classes of spermatocytes appear to be isolated from comparable time points in pachytene.

###### Frequency of MLH1 foci on synapsed sex chromosomes in late-pachytene spermatocytes

  Strain          Animal      Total no. spermatoctyes   No. spermatocytes with synapsed *X*/*Y*   Fraction of spermatocytes with MLH1 focus on the PAR (±95% C.I.)[*^a^*](#t2n1){ref-type="table-fn"}
  --------------- ----------- ------------------------- ----------------------------------------- -----------------------------------------------------------------------------------------------------
  WSB                         41                        40                                        0.63 (0.45--0.75)
  CAST                        59                        56                                        0.43 (0.29--0.55)
  WSB×CAST F~1~   1           28                        19                                        0.26 (0.05--0.37)
  2               20          12                        0.25 (0--0.33)                            
  3               22          18                        0.39 (0.11--0.56)                         
                  **Total**   **70**                    **49**                                    **0.31 (0.10--0.33)**
  CAST×WSB F~1~   1           22                        12                                        0.25 (0--0.33)
  2               29          22                        0.41 (0.14--0.50)                         
                  **Total**   **51**                    **34**                                    **0.35 (0.11--0.41)**

Considering only the subset of spermatoctyes with synapsed *X*/*Y* chromosomes.

I used the fraction of late-pachytene spermatocytes with an MLH1 focus along the paired PAR as a proxy for the *relative* rate of recombination across this locus. Approximately one-third of F~1~ spermatocytes with a full complement of autosomal MLH1 foci also have a focus on the PAR ([Table 2](#t2){ref-type="table"}). This constitutes a 25% reduction over the fraction of spermatocytes with an MLH1 focus on the PAR in either inbred WSB or CAST at this same meiotic stage. This difference is not significant by the statistically conservative two-tailed MWU (*P* = 0.104), but does exceed the significance threshold of a less stringent *ad hoc* permutation test (*P* = 0.041; see *Materials and Methods*). Whether the slight decrease in recombination frequency in hybrids is due to reduced formation of double-strand breaks (DSBs) in this region or a reduction in the ratio of DSBs that are repaired as crossovers remains unclear. Regardless of the underlying mechanism, nearly half of all spermatoctyes from intersubspecific F~1~ males are characterized by unsynapsed or achiasmate sex chromosomes.

Apoptosis at meiosis I in hybrid spermatocytes {#s15}
----------------------------------------------

Prior studies have established that asynapsed or achiasmate chromosomes can activate the spindle checkpoint, causing cells to arrest at metaphase I ([@bib11]; [@bib22]). Given the high frequency of misbehaved *X*/*Y* chromosomes in CAST and WSB hybrids, I reasoned that F~1~ animals should exhibit an elevated frequency of cell death at meiosis I relative to the parental strains. To test this idea, I performed histological analysis of stage XII seminiferous tubules in testis cross-sections ([Figure 4](#fig4){ref-type="fig"}). Tubules at this stage of spermatogenesis are characterized by the presence of meiotically dividing cells discernable by their conspicuous chromatin staining patterns ([@bib2]).

![Increased apoptosis in meiotic cells from intersubspecific F~1~'s. Hematoxylin- and Eosin-Y-stained testis cross-sections from (A) CAST/EiJ, (B) CAST×WSB F~1~, and (C) WSB×CAST F~1~ adult male mice. Tubules are at stage XII of the seminiferous epithelial cycle. There are multiple meiotically dividing cells with darkened, eosinophilic cytoplasm in tubules from F~1~ backgrounds (black arrows), indicative of cell death. In contrast, meiotically dividing cells in CAST/EiJ were rarely apoptotic (white arrows). Despite the higher rate of apoptosis in F~1~'s, a subset of cells do progress through meiosis, evidenced by the presence of postmeiotic elongating spermatids in seminiferous tubules from these genetic backgrounds. Bar, 100 μm. Images are equally scaled.](1089fig4){#fig4}

Adult WSB males exhibited extensive vacuolization of the seminiferous tubules at multiple stages of spermatogenic progression ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1/FigureS2.pdf)), consistent with a prior report ([@bib47]). Given the aberrant-testis phenotype in this parental strain, I focused on the contrast between both reciprocal F~1~'s and CAST. Over 90% of stage XII tubules from CAST×WSB and WSB×CAST F~1~'s contain metaphase I cells with darkened, eosinophilic cytoplasm, indicative of cell death ([Figure 4](#fig4){ref-type="fig"} and [Table 3](#t3){ref-type="table"}). In contrast, \<6% of stage XII tubules from CAST males harbor one or more apoptotic cells ([Table 3](#t3){ref-type="table"}). The increased rate of cell death during CAST×WSB F~1~ spermatogenesis is associated with a decreased average tubule size relative to the inbred CAST strain, presumably reflecting a depletion of postmeiotic cells ([Table 3](#t3){ref-type="table"}). There is no difference in mean tubule area between CAST and WSB×CAST F~1~'s (MWU *P* = 0.4029), despite the significantly greater number of apoptotic cells in tubules from these F~1~ hybrids.

###### Histological analysis of stage XII tubules

  Strain          Animal      No. of stage XII tubules examined   Mean tubule size (mm^2^)   Fraction stage XII tubules with apoptotic cells
  --------------- ----------- ----------------------------------- -------------------------- -------------------------------------------------
  CAST            1           6                                   0.335                      0.167
  2               7           0.292                               0                          
  3               5           0.374                               0                          
                  **Total**   **18**                              **0.328**                  **0.056**
  CAST×WSB F~1~   1           12                                  0.201                      0.917
  2               10          0.225                               1                          
  3               11          0.229                               0.909                      
  4               5           0.230                               1                          
                  **Total**   **48**                              **0.220**                  **0.938**
  WSB×CAST F~1~   1           8                                   0.337                      0.875
  2               5           0.283                               1                          
  3               6           0.387                               1                          
                  **Total**   **19**                              **0.327**                  **0.947**

Rates of sex chromosome aneuploidy in parental and hybrid backgrounds {#s16}
---------------------------------------------------------------------

Although a subset of spermatocytes with synaptic defects is eliminated at meiosis I, I speculated that reduced PAR recombination and the impaired *X*/*Y* dynamics observed in WSB and CAST F~1~ hybrids may render the *X* and *Y* liable to nondisjunction in the subset of spermatoctyes that do progress through the first meiotic division. To test this hypothesis, I used *X*- and *Y*-chromosome painting on sperm to assess the sex chromosome content of \>1500 sperm isolated from CAST, WSB, and reciprocal F~1~ male mice. A representative image of this assay is shown in [Figure 5](#fig5){ref-type="fig"}. Despite the statistical power to find an approximately three-fold difference in aneuploidy rate ([Figure S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1/FigureS3.pdf)), the frequencies of sex chromosome aneuploid sperm in F~1~ hybrids and the inbred parental strains are statistically indistinguishable (MWU *P* = 0.3857; [Table 4](#t4){ref-type="table"}).

![Aneuploidy rate estimated by whole chromosome painting on sperm. The sex chromosome constitution of single sperm assayed by whole chromosome painting. Aneuploid *XY* sperm are identified by the presence of signals from *X* and *Y* probes (arrow).](1089fig5){#fig5}

###### Sex chromosome genotype and *XY* aneuploidy rate in sperm

  Strain          Male        No. of *X*-bearing sperm   No. of *Y*-bearing sperm   No. of *XY* diploid sperm   Frequency of sex chromosome aneuploidy (95% C.I.)[*^a^*](#t4n1){ref-type="table-fn"}                                                                  
  --------------- ----------- -------------------------- -------------------------- --------------------------- -------------------------------------------------------------------------------------- --------- ---------- ------- ------- ------------------------- -----------------------------
  WSB             1           0                          30                         30                          0                                                                                      25        25         0       0       0                         0 (NA)
  2               596         184                        780                        643                         210                                                                                    853       2          0       2       0.0024 (0--0.0061)        
                  **Total**   **596**                    **214**                    **810**                     **643**                                                                                **235**   **878**    **2**   **0**   **2**                     **0.0014 (0--0.0059)**
  CAST            1           351                        581                        932                         391                                                                                    615       1006       8       4       12                        0.0123 (0.0062--0.0195)
  2               0           67                         67                         0                           68                                                                                     68        0          0       0       0 (NA)                    
                  **Total**   **351**                    **648**                    **999**                     **391**                                                                                **683**   **1074**   **8**   **4**   **12**                    **0.0115 (0.0058--0.0192)**
  WSB×CAST F~1~   1           172                        250                        422                         199                                                                                    244       443        0       0       0                         0 (NA)
  2               106         188                        294                        166                         168                                                                                    334       0          2       2       0.0063 (0--0.0159)        
                  **Total**   **278**                    **438**                    **716**                     **365**                                                                                **412**   **777**    **0**   **2**   **2**                     **0.0027 (0--0.0067)**
  CAST×WSB F~1~   1           0                          135                        135                         0                                                                                      128       128        0       0       0                         0 (NA)
  2               221         478                        699                        236                         459                                                                                    695       4          0       4       0.0057 (0.0014--0.0114)   
                  **Total**   **221**                    **613**                    **834**                     **236**                                                                                **587**   **823**    **4**   **0**   **4**                     **0.0048 (0.0012--0.0096)**

NA, not applicable. PS1: Probe set 1, X-Texas Red, Y-FITC. PS2: Probe set 2, X-FITC, Y-Texas Red.

Computed as twice the frequency of diploid XY sperm.

Intriguingly, there is a ∼3.5-fold difference in the *XY* sperm aneuploidy rate between mice with a CAST-derived *X* chromosome (CAST and CAST×WSB F~1~'s; aneuploid fraction = 0.0085; [Table 4](#t4){ref-type="table"}) and mice with the WSB-derived *X* chromosome (WSB and WSB×CAST F~1~'s; aneuploid fraction = 0.0025; MWU *P* = 0.0197). This observation links the CAST *X* chromosome to a higher rate of sex chromosome nondisjunction.

Discussion {#s17}
==========

PAR divergence and meiotic progression in house mice {#s18}
----------------------------------------------------

*M. m. castaneus* and *M. m. domesticus* are characterized by a pronounced shift in the PAB and numerous small structural differences across their PARs ([@bib71]). In an effort to define the meiotic consequences of this PAR divergence, I used cytogenetic approaches to directly visualize sex chromosomes in spermatocytes from intersubspecific F~1~ hybrids. I demonstrated that the frequency of sex chromosome pairing and synapsis at meiosis is markedly reduced in hybrids. Among the subset of F~1~ spermatocytes with synapsed sex chromosomes, synaptic associations were commonly prematurely released. Moreover, I observed a ∼25% reduction in the rate of recombination across the paired region in hybrids relative to the inbred parental strains. Net, I estimate that upward of 50% of spermatocytes in F~1~ hybrids fall short of the stereotyped demands for *X*/*Y* synapsis and recombination at meiosis.

Although these defects in *X*/*Y* synapsis and recombination are associated with meiotic arrest, F~1~'s are fertile, exhibiting testis weights and sperm densities comparable to or exceeding the parental values ([@bib72]). These findings recapitulate observations in hybrids between other house mouse subspecies. Upward of 60--80% of spermatocytes from *M. m. molossinus* and C57BL/6J hybrids ([@bib28]), and F~1~ hybrids between wild-caught *M. musculus* animals and inbred laboratory strains of predominately *M. m. domesticus* ancestry ([@bib73]) display premature dissociation of the *X* and *Y* at metaphase I, without clear repercussions for fertility or nondisjunction ([@bib40]). Collectively, these findings seem to underscore the severity of inbreeding depression in inbred mouse strains. The fitness increase associated with a single generation of outcrossing can evidently compensate for errors in synapsis and recombination affecting a substantial fraction of F~1~ spermatocytes, resulting in no net loss of fertility compared to the parental strains. However, even though the level of PAR divergence tested here does not overtly decrease hybrid fitness in the laboratory setting, the consequences of divergent *X*- and *Y*-linked PARs on reproductive fitness in natural, wild populations could be substantial.

Taken together, these results clearly indicate that some level of structural and sequence divergence between *X*- and *Y*-linked PARs is compatible with meiotic progression and fertility. However, the baseline level of homology and minimum PAR length required for meiotic progression remain unknown. Evidently, divergence between CAST and WSB PARs falls within the permissive range, as many spermatocytes progress through meiosis. In contrast, F~1~ hybrids between C57BL6/J and *M. spretus* possess more divergent *X*- and *Y*-linked PARs that almost invariably fail to synapse and males are completely sterile ([@bib42], [@bib43]). However, owing to the complexity of hybrid sterility in these divergent interspecific hybrids ([@bib24]; [@bib48]), it is not clear whether *X*/*Y* asynapsis *per se* is the underlying cause of sterility.

Although there is a pronounced shift in the PAB between *M. m. domesticus* and *M. m. castaneus*, data on finer-scale structural differences and sequence diversity in the PARs of these subspecies is limited to regions near the boundary ([@bib71]), which may not be representative of patterns across the full PAR. Indeed, the PAR is one of the most understudied regions of the genome. Whole genome sequences are now available for \>100 mammalian species, but *X*- and *Y*-linked PAR sequences are available for only 8 ([@bib6]). The PAR is known to harbor considerable diversity among individuals ([@bib32]; [@bib44]), but the full scope of within-population genetic variation across the full locus remains unsurveyed. The absence of comprehensive sequence data from this genomic interval presents an obstacle to understanding how the sequence content and patterns of homology between *X*- and *Y*-linked PARs influence the meiotic function of this locus. Emerging single molecule, long-read DNA sequencing technologies may offer a solution to decoding patterns of fine-scale diversity across the PAR, enabling investigation of the molecular conditions that must be upheld for divergent *X*- and *Y*-linked PARs to pair, synapse, and recombine at meiosis.

In addition to divergence between *X*- and *Y*-linked PAR sequences, the meiotic function of the PAR may be influenced by genetic interactions with other loci ([@bib28]; [@bib41]). Indeed, [@bib72] detected several epistatic interactions between autosomal variants and PAR-linked loci that contribute to multiple measures of hybrid sterility in CAST and WSB F~2~'s. Although speculative, PAR-associated sterility in advanced generation hybrids could also depend on the inheritance of sex chromosomes that have passaged through at least one hybrid meiosis. In particular, there is evidence for genetic destabilization of the *X* and *Y* chromosomes in house mouse hybrids ([@bib61]), a phenomenon that could engender structural rearrangements that further disrupt homology across the PAR in later hybrid generations.

Diversity of *XY* segregation mechanisms in mammals and long-term evolutionary prospects for the murine PAR {#s19}
-----------------------------------------------------------------------------------------------------------

Although synapsis and recombination are required for meiotic progression and correct *X*/*Y* segregation in both mice and humans ([@bib21]; [@bib27]; [@bib45]; [@bib64]; [@bib30]), these steps are not essential for sex chromosome segregation in all taxa ([@bib52]). Noncanonical mechanisms of sex chromosome segregation have been previously described in marsupials ([@bib66]; [@bib50], [@bib51]) and several nonmurid rodent species ([@bib15], [@bib16]). These exceptional species possess sex chromosomes that are fully nonhomologous---with no PAR---yet sex chromosomes segregate reductionally at the first meiotic division. In these taxa, physical linkages between the heterogametic *X* and *Y* are maintained by proteins rather than homology-driven DNA interactions ([@bib50], [@bib51]; [@bib15]).

The gradual evolutionary erosion of the PAR in the ancestors of these exceptional species may have imposed selection for alternative, nonhomology-driven mechanisms of sex chromosome segregation. Once in place, such mechanisms could safeguard sex chromosome segregation against frequent errors in pairing, synapsis, and recombination, ultimately eliminating the biological need for a PAR and setting the stage for the complete loss of homology between the *X* and *Y* in these species ([@bib7]).

In view of this evolutionary model, it is interesting to note that the house mouse PAR is markedly shorter than that of other mammalian species. The murine PAR measures less than half the size of the human PAR1 and only ∼15% the length of the dog PAR ([@bib74]). Moreover, as demonstrated here, the house mouse sex chromosomes are highly vulnerable to asynapsis in hybrids and several *inbred* mouse strains even exhibit high levels of *X*/*Y* dissociation ([@bib40]). The mouse PAR may be approaching the minimum length required to drive homologous pairing and recombination, potentially rendering house mouse species poised to acquire a noncanonical sex chromosome segregation mechanism. Alternatively, the short house mouse PAR may represent an evolutionarily transient state. Mutations leading to elongation of the PAR may incur a selective advantage, ultimately driving the expansion of this region. Although additional data on PAR length variation are needed to formally test this possibility, existing data do point to a directional trend in PAR evolution in house mice. Relative to the ancestral *M. spretus* PAB, the PAB in *M. musculus* subspecies has undergone at least two proximal extension events ([@bib56]; [@bib71]).

A toxic meiotic effect of the CAST/EiJ *X* chromosome {#s20}
-----------------------------------------------------

Two incidental findings to emerge from this study are the elevated frequency of sex chromosome aneuploidy and the decreased seminiferous tubule size in animals with a CAST-derived *X* chromosome (CAST and CAST×WSB F~1~'s) relative to male mice with a WSB-derived *X* chromosome (WSB and WSB×CAST F~1~'s). [@bib72] reported a number of hybrid-sterility QTL mapping to the PAR in CAST/WSB×CAST/WSB F~2~ mice, including QTL for sperm density, testis weight, sperm morphology, and seminiferous tubule area. Intriguingly, this study found no PAR-linked hybrid-sterility QTL in the reciprocal WSB/CAST×WSB/CAST F~2~ population, in which males carry a WSB-derived *X* chromosome. This result, combined with the data presented here, suggests a putatively toxic meiotic effect of the CAST *X* chromosome. Segments from the CAST *X* are significantly underrepresented among genotypes from strains produced by the Collaborative Cross, an eight-way recombinant inbred panel of mice ([@bib29]). Furthermore, inbred CAST males have reduced sperm counts and a high frequency of sperm morphological abnormalities ([@bib72]), hinting at meiotic defects attributable to alleles present in the inbred CAST/EiJ strain. Given the prominent role this strain plays in biomedical research and mouse genetics (*e.g.*, [@bib67]; [@bib19]; [@bib49]), it is of considerable interest to elucidate the basis of these observations.

Conclusions {#s21}
-----------

Despite its critical homology-driven roles in mammalian meiosis, the PAR is one of the most rapidly evolving loci in the genome. Here, I have shown that genetic divergence between *X*- and *Y*-linked PARs in *M. m. castaneus* and *M. m. domesticus* intersubspecific F~1~ hybrids is associated with a decreased rate of *X*/*Y* synapsis, reduced PAR recombination, and an elevated frequency of meiotic cell death. Despite these striking meiotic phenotypes, hybrids with mismatched *X*- and *Y*-linked PARs remain fertile, indicating some tolerance to molecular divergence across this interval. Ongoing efforts to catalog patterns of between-species divergence and within-population polymorphism across the PAR will enable inference of the evolutionary forces shaping genetic variation at this locus and provide a more refined understanding of the relationship between *X*/*Y* homology and PAR dynamics at meiosis.

Supplementary Material {#S18}
======================

Supplemental material is available online at [www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.189092/-/DC1).
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